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During recent years the interest for plant tissue cul- 
tures as producers of secondary metabolites of com- 
mercial value has increased considerably [l-3]. Both 
callus and suspension cultures might be used in prin- 
ciple, but the latter type is preferred. Low productiv- 
ity of naturaI products in such tissue cultures is, how- 
ever, a recognized problem and many attempts are 
being made to m~ipulate the overah metabolism of 
the cells in order to increase the total yield of the prod- 
uct in question. 
We reported the immobilization of whole plant 
cells by entrapment incalcium alginate gels [4] and 
believe that this technique is a valuable addition to 
the general techniques used in plant tissue cultures. 
The production of secondary products by the immo- 
bilized cells was higher than that for freely suspended 
cells under the same conditions. Thus, immobilized 
cells of ~u~~r~~ ~~f~~~~ produced up to IO-times as 
much ~thraqu~nones as freely suspended cells [5]. 
Immobilized plant cells were later studied for bio- 
transformations of natural products [6--S]. The immo- 
bilization technique used in [6-g] was also entrap- 
ment in calcium alginate gels. Such gels require Ca*+ 
as stabilizer, which can lead to problems in phosphate- 
containing media. Therefore in [7] a special medium 
lacking phosphate ions was designed. 
In our initial studies on immobilized plant cells we 
chose to use entrapment in a&ate because there are 
also distinct advantages with this immobilization tech- 
nique> including reversibility of the immobilization 
which enables the ~nvesiigat~on of the cells in free sus- 
pension subsequent totheir confinement in the immo- 
bilized state. 
Here, we describe studies on alternative methods 
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for the immobilization of plant cells, All experiments 
have been carried out with cells of Cutharanthus 
roseus, obtained from suspension cultures. After 
immobilization by entrapment in various gels the via- 
bility of the gels (tested by plasmolysis, respiration 
and cell growth) as well as the ability of the immobii- 
ized cells to synthesize an indole alkaloid (ajmalicine~ 
both from precursors ~tryptamine and secologanin) 
and de novo with sucrose as sole carbon source has 
been investigated. 
2. Materials and methods 
2.1. Materials 
Agar was supplied by Difco Labs. (Detroit, MI) 
and agarose (type VII) and K-carrageenan (type III} 
by Sigma (St Louis, MO). Alginate (Manucol DH, 
batchno. 430041 E 6896) was obtained from Alginate 
Industries (Girven) and gelatin ~commerci~ grade) 
from Kebo (Sweden). r2-~~C]T~pt~ine was from 
NEN (Boston, MA) and secologanine and ajmalicine 
were kind gifts from Dr M. I-I. Zenk. AI1 other chem- 
icals and biochemicals were purchased from commer- 
cial sources. 
2.2. Cultivatitw af Catharanthus roseus 
The cell suspensions of Catharanthus ruseus were 
cultivated in the medium of [9] supplemented with 
10m6 M 2,4-dichlorophenoxyacetic acid and 1Om6 M
naphtylacetic acid (pA 6.0) on a rotary shaker at 
100 rev./min and at 26°C. 
2 3. ~~~~~i~~~~t~~~ of C. loseus c&s 
Tfie immobilization of C rmws cells in various 
gels was carried out under sterile conditians in the 
following way: 
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Entrapment in calcium alginate was done as in [4] 
by the method in [lo]. The cells (5.0 g wet wt) were 
suspended in 5% alginate (5.0 g) and the suspension 
was added dropwise to 50 mM CaCl,, The a&ate 
beads formed were left for 1 h in this solution and 
then washed. 
Immobilization in a copolymer of alginate and gel- 
atin was carried out in a similar way. The cells (5.0 g 
wet wt) were suspended in a mixture of 5% alginate 
(3.75 g) and 20% gelatin (1.25 g) and beads were 
made as above. The beads were then treated with 2% 
glutaraldehyde (10 ml) for 30 min and then washed 
again. 
A~arose~ntrapped c lls were prepared by the meth- 
od in [ 111. The cells (5.0 g wet wt) were suspended in
5% agarose (5.0 g) at 40°C. As quickly as possible this 
suspension was poured over a Teflon plate tightly 
covered with holes (diam. 3 mm). An&her plate was 
used as support and the two plates were held together 
by clamps. After the agarose had solidified the form 
was taken apart and the ‘cylindrical beads’ were taken 
out and washed. 
Cells were entrapped in a copolymer of agarose and 
gelatin in a similar manner. The cells (5 .O g wet wt) were 
suspended ina mixture of 5% agarose (3.75 g) and 
20% gelatin (1.25 g) and cylindrical beads were made 
as above. The washed beads were treated with 2% glu- 
taraldehyde (10 ml) for 30 min and then washed again. 
Gelatin-entrapped cells were obtained as follows: 
The cells (5.0 g wet wt) were suspended in 20% gela- 
tin (5.0 g) and 25% glutaraldehyde (0.4 g) was added. 
Cylindrical beads were moulded as above and after 
30 min the beads were taken out and washed. 
Cells were immobilized in carrageenan sfollows: 
The cells (5.0 g wet wt) were suspended in 3% carra- 
geenan (5.0 g) at 50°C and the suspension was as soon 
as possible added dropwise to 0.3 M KCl. The carra- 
geenan beads formed were feft for 1 h in this solution, 
then washed. 
Cells were ~mob~ized in agar by sus~endjng them 
(5 .O g wet wt) in 4% agar (5 .O g) at 5O’C with subse- 
quent moulding of cylindrical beads. 
Finally, cells were entrapped in polyacrylamide as 
follows: The cells (5.0 g wet wt) were suspended in a 
solution of acrylamide (1.45 g) and NJV’-methylendi- 
acrylamide (0.07 g) in 0.05 M Tris-HCl buffer (pH 
7.5) (5.0 ml). To this suspension was added TEMED 
(0.02 g in 0.2 ml H#) and ~moniun~~rsulfa~e 
(0.02 g in 0.4 ml f-1*0) and beads were mouided in 
the Teflon-device. 
2.4. C&growth of immobilized C. roseus 
Cultivation of immobilized C. roses cells in the 
medium of 191, supplements with hormones, was 
initiated by inoculating beads (I .O g) of the various 
preparations in samples of the medium (10 ml). The 
flasks were shaken at 100 rev./min and at 26°C. Ceil 
growth was estimated by observing the number of 
freely suspended cells in the medium. 
2.5, Biosynthetic studies 
The synthesis of ajmalicine from tryptamine and 
seeologanin by free and immobilized cells was studied 
in the following way: Free cells (0.5 g wet wt) or 
immobilized cells (1 .O g beads) were added to medi- 
um f9j (IO ml) with no hormones added, containing 
t~ptamin~ (1.25 @mot) labelled with 14C (400 000 
dpm~~mol) and secologanin (1.25 (Imoi). After 2 and 
5 days samples were analyzed for radioactive ajmali- 
tine. 
The de nova synthesis of ajmalicine was determined 
in a similar manner. Thus, free cells (0.5 g wet wt) or 
immobilized cells (1 .O g beads) were innoculated in 
the hormone-free medium (10 ml). After 2 weeks 
samples were taken and analyzed for ajmalicine con- 
tent I
Plasmolysis of cells with glycerol was followed 
under microscope with phenosaffranin as indicator. 
Before the immobilized cells were studied the beads 
were cut into thin slices. 
Respiration of the cells was monitored with an 
oxygen electrode (Rank Brothers). Free cells (0.1 g 
wet wt) or immobilized cells (0.2 g beads, chopped 
into small pieces) were added to the growth medium 
(2.0 ml) and the consumption of oxygen was followed 
on a recorder. 
Ajmalicine xtracted as foIlows: The medium was 
extracted with methylene chloride (3 X 5 ml). The 
organic phases were combined and evaporated to dry- 
ness under vacuum on a rotavapor. The residue was 
dissolved in either chloroform (1 .O ml) for the exper- 
iments with precursors or in the HPLC-eluent (1 .O ml) 
for the de nova experiments. 
The cells/beads were placed in a Soxhlet-extractor 
and methanol (25 ml) was used for the extraction 
which was done overnight in a water bath. The meth- 
anol was evaporated and the residue was dissolved in 
either chloroform of ALL-medium as above. 
The amount of radiofabeffed ajm~i~ine was esti- 
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mated after TLC-chromatography on silica plates (DC- 
Alufolien, Kieselgel60 F254, E, Merck) with acetone- 
petroleum ether-diethylamine (2:7:1) as eluent. 
Samples (50 ~1) from the extractions were applied 
and ‘cold’ ajmalicine was added to each sample in 
order to simplify detection of the ajmalicine-spots 
(RF 0.58), which were cut out and analyzed for 
radioactivity. 
The samples from the de novo synthesis experi- 
ments were analyzed by HPLC under the following 
conditions: 
Column size : 200X 4mm 
Column packing: Nucleosile-Crs, 5 pm 
Eluent : 0.01 M (NH4)zC0,-acetonitril 
(3:7) 
Flow rate: 1 .O ml/min 
Sample size : lO/.d 
Detection: UV, 242 nm 
The amount of ajmalicine (retention time 5.4 min) 
was determined by measuring the peak heights and 
comparing them to standards. The detection limit is 
-0.5 pg/ajmalicine/ml. 
3. Results and discussion 
Cells from suspension cultures of Catharanthus 
roseus were immobilized by entrapment in various 
gels (see table 1). Some characteristics of the immo- 
bilized plant cells were studied and a comparison of 
the different immobilization methods was done as 
described below. 
3.1. The plasma membrane 
An intact plasma membrane is of great importance 
when a retained viability of the cells is desired after 
the immobilization. Plasmolysis was used as an indica- 
Table 1 
Comparison of various preparations of immobilized 
C. roseus cells 
Preparation Plasmolysis Respiration Cell growth 
Alginate + + + 
Agarose + + -t 
Agar + + + 
Carrageenan f + + 
Alginate + gelatin + _ - 
Agarose + gelatin + _ - 
Gelatin + _ - 
Polyacrylamide - _ _ 
____- 
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tion of the intactness of the plasma membrane of the 
cells. The immobilized cells were thus exposed to a 
plasmolysing agent, e.g., glycerol, and studied under 
microscope. The dye phenosaffranin, which does not 
penetrate an intact membrane, was used as an addi- 
tional indicator. Furthermore, such a dye simplifies 
the detection of plasmolysis. 
As can be seen in table 1 all the immobilized cells 
except for those entrapped in polyacrylamide were 
plasmolysed and thus appeared to have intact plasma 
membranes. Obviously, the chemicals used in the poly- 
acrylamide entrapment are harmful to the cell mem- 
brane. The plasmolysis experiments were carried out 
directly after the immobilization as well as after 20 h. 
No significant difference was observed between these 
two sets of experiments, indicating a relatively good 
stability of the immobilized cells. For the fully viable 
cells (see under cell growth below) the plasma mem- 
brane appeared to stay intact over an extended period 
of time (up to 2 weeks; longer incubation times not 
tested). 
3.2. Respiration 
A second indication of viability is retained respira- 
tion of the cells after immobilization. Respiration of 
the cells was measured with an oxygen electrode. To 
reduce diffusion barriers the beads containing the 
plant cells were chopped into relatively smatl pieces 
before the measurements. As can be seen in table 1 
the cells within the gels treated with glutaraldehyde 
(i.e., the gels containing gelatin) lost their respiration 
capacity. The respiratory chain of these cells appears 
to be sensitive to glutaraldehyde. It may, however, be 
possible to crosslink with glutaraldehyde under milder 
conditions [ 121, which may leave the respiratory 
chain intact. Furthermore, it can be pointed out that 
this study on respiration is only qualitative since some 
diffusion barriers still exist after the beads have been 
chopped into pieces. 
The cross-linking with glutaraldehyde was attempt- 
ed in order to stabilize the gels. In the case of alginate 
such a stabilization by cross-linking could obviate the 
requirement for high calcium concentrations in the 
medium and thereby eliminate problems with the 
administration of phosphate to the immobilized plant 
cells. 
3.2. Cell growth 
The ultimate criterion on viability is, of course, 
the growth and division of cells. As can be seen in 
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table 1 the cells entrapped in polyacrylamide and in 
the gels treated with ~utaraldehyde did not, as expect- 
ed, grow at all and therefore these preparations were 
not tested further. On the other hand, when the cells 
immobilized in agar, agarose or alginate were placed 
in a complete medium they grew and divided and 
after 1 week the number of cells had increased to such 
an extent that the beads started to burst. After a few 
additional days most of the cells were found in a free 
suspended form. On a semi-quantitative basis it was 
concluded that the cells entrapped in agar and agarose 
grew better than the cells immobilized in alginate. The 
cells immobilized in carrageenan did not grow to such 
an extent but after 1 week a number of ceils could be 
found in the medium. Obviously, the elevated tem- 
peratures (up to 50°C) required for the entrapment in 
agar, agarose and carrageenan did not influence the 
viability of the cells to any great extent. 
In the biosynthetic studies (see below) the immo- 
bilized cells were placed in a growth limiting medium, 
i.e., no hormones were added. The number of cells did 
not increase to any great extent in such a medium and 
after 2 weeks incubation no free cells were observed 
in the medium. 
3.4. Synthesis of ajma~i~in~ from precursors 
Cells of C. YoseMs entrapped in alginate can synthe- 
size ajmalicine from the distant precursors tryptamine 
and secologanin [4]. The various preparations of immo- 
bilized cells were incubated with these precursors and 
the production of ajmalicine was determined, The 
results are given in table 2 and it can be seen that rela- 
tively high incorporations of [r4C]tryptamine were 
observed for all the preparations studied. The increase 
in incorporation between day 2 and day 5 was rela- 
tively small but relative to freely suspended ceils the 
increase for the immobiIized cells was larger, Further- 
more, it can be concluded that the cells entrapped in 
agarose or alginate were more efficient than free cells 
under the conditions used. Cells entrapped in agar and 
carrageenan were on the other hand somewhat less 
effective. 
3.5. De novo synthesis of ajmalicine 
We have also studied the de novo synthesis of 
ajmalicine with sucrose as the sole carbon source by 
immobilized cells of C. roseus. As can be seen in 
table 2 all the preparations of immobilized cells were 
capable of synthesizing ajmalicine at a rate 60-140% 
of that observed with freely suspended cells. There 
are several reports on the de novo synthesis of ajmali- 
tine by C. roseus cells in suspension cultures f I3- 1 S]. 
Obviously, the ability to synthesize ajmalicine is pre- 
served in the immobilized cells and even enhanced in 
the case of aiginate entrapped cells. The synthesis of 
ajmalicine can be increased considerably for both free 
and immobilized cells by using the alkaloid produc- 
tion medium in [ 131. The reason for the increased 
synthesis observed with alginate entrapped cells is at 
present under investigation and will be reported else- 
where [16]. 
4. Conclusions 
These data clearly demonstrate that plant cells can 
be immobilized by various methods with preserved 
metabolism. The secondary product formation (from 
precursors or de novo) is in the cases studied highest 
for alginate entrapped cells but also agar, agarose and 
carrageenan appear to be suitable polymers for entrap- 
ment of plant cells. Furthermore, it can be concluded 
that plant cells are sensitive to reactive chemicals (e.g., 
~utar~dehyde) which are often used for the immo- 
Table 2 
Synthesis of ajmalicine by free and immobilized cells of C. roseus 
Cell From precursors De novo 
prepn. 
2 days 5 days 2 weeks 
% Incorp. Rel. incorp. % Incorp. Rel. incorp. fig/sample Rel. prod. 
Free cells 7.2 100 7.9 100 4.2 100 
Agar 6.4 89 7.5 95 3.7 88 
Agarose 7.8 108 9.0 114 4.2 100 
Afginate 9.1 126 13.9 176 5.9 140 
Carrageenan 5.5 76 6.5 82 2.6 62 
.~ 
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bilization of biocatalysts to various supports. Conse- 
quently, entrapment seems to be the most suitable 
method for immobilization of plant cells. 
Acknowledgements 
The authors express their gratitude to Dr M. H. 
Zenk for providing secologanin and ajmalicine as well 
as the suspension culture of Catharanthus roseus, Mrs 
M. Mosbach and Mrs P. Rudolv for excellent technical 
assistance. This work was supported in part by a grant 
from the Swedish Board for Technical Development 
(79-3459). 
References 
[l] Barz,W.,Reinhard,E.andZenk,M.H.eds(1977)Plant 
tissue culture and its bio-technological application, 
Springer-Verlag, Berlin, New York. 
[2] Thorpe, T. A. ed (1978) Frontiers of plant tissue cul- 
ture 1978,The Bookstore,UniversityofCaIgary,Calgary. 
[3] Alfermann, A. W. and Reinhard, E. eds (1978) Produc- 
tion of natural compounds by ceII culture methods, 
Gesellschaft fiir Strahlen- und Umweltforschung mbH, 
Miinchen. 
[12] Birnbaum, S., Larsson, P.-O. and Mosbach, K. (1981) 
2nd Eur.Congr. Biotechnology, April S-10,1981, 
Eastbourne, England, to be presented. 
[13] Zenk,M.H.,EIShagi,H.,Arens,H.,Stockigt,J.,Weiler, 
E. W. and Deus, 8. (1977) in: Plant tissue culture and 
its bio-technological application (Barz, W. et al. eds) 
pp. 27-43, Springer-Verlag, Berlin, New York. 
[ 141 Knobloch, K.-H. and Berlin, J. (1980) Z. Naturforsch. 
35C, 551-556. 
[ 15 ] Kutney, J. P., Choi, L. S. L., Kolodziejczyk, P., Sleigh, 
S. K., Stuart, K. L., Worth, B. R., Kurz, W. G. W., 
Chatson, K. B. and Constabel, F. (1980) Heterocycles 
14,765-768. 
[4] Brodelius,P., Deus, B., Mosbach, K. and Zenk, M. H. [ 161 Linse, L., Brodelius, P., Mosbach, M. and Mosbach, K. 
(1979) FEBS Lett. 103,93-97. (1981) in preparation. 
[S] Brodelius,P., Deus, B., Mosbach, K. and Zenk, M. H. 
(1981) in: Enzyme engineering (Weetall, H. H. and 
Royer, G. P. eds) vol. 5, Plenum, New York, in press. 
[6] Alfermann, A. W., SchuIler, 1. and Reinhard, E. (1981) 
Planta Medica, in press. 
[7] Jones, A. and Veliky, I. A. (1980) Poster Paper F- 
12.1.16. at VIth Int. Fermentation Symp. July 20-25, 
1980, London, Ontario. 
[8] VeIiky, I. A. and Jones, A. (1980) Poster Paper F- 
12.1.17. at VIth Int. Fermentation Symp. July 20-25 
1980, London, Ontario. 
[9] Linsmaier, E. M. and Skoog, F. (1965) Physiol. Plant. 
18,100-127. 
[lo] Kierstan, M. and Bucke, C. (1977) Biotechnol. Bioeng. 
19,387-397. 
[ 111 Nilsson, K. and Mosbach, K. (1980) FEBS Lett. 118, 
145-150. 
316 
